Introduction
Concrete has certain special properties, which make it one of the most common materials used in buildings and different civil structures such as bridges, dams, nuclear power plants, military facilities and protection barriers. It has low density with a high compressive strength thanks to its ceramic nature. The main drawback of these materials is their extreme brittleness and the low fracture toughness with a limited tensile strength compared with their high compressive resistance. That is why the main use of concrete is under compressive loads. However, accidents or terrorist attacks can cause external dynamic loadings, which differ from the usual static forces normally acting in these structures. As opposite to the static loads, which result in compression acting on the elements, these dynamic actions cause compression waves which travel through the material causing tensile stresses when they are reflected on a free surface [1] . These tensile actions will cause the failure of brittle materials like concrete, leading to projection of fragments which can cause great damage [2] or even the progressive collapse of the structure, considered the main cause of deaths and injuries in structures subjected to impulsive loads [3] . Under these circumstances, it is widely demonstrated that concrete strength varies, increasing under dynamic loads. Knowing the influence of these dynamic loadings is essential in order to have a complete mechanic characterization of concrete. The behaviour of concrete under quasi-static loading is well known but, under high strain analysis, obtaining fundamental parameters for its mechanical characterization, such as tensile strength and fracture energy, remains a complex task.
Primary studies by Zielinski & Reinhardt [4] showed the influence of the high strain rates in the increase of the tensile strength of concrete. Several efforts were done in this way to study concrete under impact uniaxial tensile tests and repeated impact fatigue loadings. Using a split Hopkinson bar configuration with glued concrete specimens stress-strain diagrams were obtained. In that work, basic ideas for this increase of strength are outlined. The use of this type of configuration may bring some problems, mainly related to the repeatability of the tests and the achievement of a suitable contact between the specimen and incident and transmission bars. This is the reason why, in recent years, some authors have proposed different ways to measure the dynamic tensile strength of concrete. All these methods are based on the modified configuration of the Hopkinson bar: a projectile hitting a long incident bar, which transfers the compression wave to a cylindrical specimen. The dimensions of these three elements differ from one work to another, as well as the instrumentation and technique employed to obtain the different mechanical parameters of concrete. Klepaczko [5] performed spalling tests over 48 concrete specimens with 120 mm length in wet and dry conditions. The compression pulse was recorded only in the incident bar and then, after a mechanic analysis of wave dispersion effects, the pulse on the specimen was derived. Gálvez [6] used a similar configuration to obtain the maximum tensile strength in different ceramic materials. In this case, signals recorded in a strain gauge in the specimen were used to reproduce the reflection of the compressive wave in the free end of the specimen so the tensile state versus time was known. Schuler [7] used the Hopkinson bar to focus the efforts in obtaining the fracture energy of concrete. This energy was deduced from the initial and residual velocities of pieces of concrete before and after the formation of the crack. Wu et al. [8] proposed a new experimental configuration with a taped incident bar in order to develop triangular pulses in concrete specimens. Using different strain gauges in the specimen, the pulses were shifted at the free end and the tensile strength analytically derived. Weerheijm & Doormaal [9] introduced several variations in the Hopkinson bar in order to reach higher strain rates in their experiments, adding new data in the up to 1000 Gpa s −1 values. This was done thanks to the use of explosive loads applied to the traditional Hopkinson configuration combined with the use of modern measurement techniques and numerical simulations. These experiments also aimed to bring some new knowledge in the fracture process and it's energy dissipation. Erzar & Forquin [10] analysed and compared three different methods to obtain the tensile strength of concrete: Novikov, Klepaczko and Gálvez.
Nevertheless, there exists great dispersion among published results. Implementing an easy, economical and reliable methodology is essential. In this work, the spalling technique is used for the characterization of tensile properties under high strain rates of concrete using the modified register incident and reflected waves. To compare and complete the results, accelerometers and a high-speed camera were also used. With proper instrumentation, this technique allows one to obtain the tensile fracture under strain rates up to 100 s −1 . This work gives an initial estimation of the dynamic tensile strength of concrete.
Experimental methods (a) The spalling test
The modified Hopkinson bar has been used by many researchers for measuring different dynamic properties of brittle materials. As explained in the Introduction, the aligned configuration of a projectile, incident bar and specimen is the most suitable one to obtain proper results for this type of test. That is the reason why we have chosen to continue and go further in this technique using it to test concrete bars.
In spalling tests with a modified Hopkinson bar, a metallic projectile (normally steel or aluminium) is launched against a long metallic bar ( figure 1 ). This produces a compression pulse in the bar, which is transmitted to the concrete specimen travelling through it and reflecting when reaching the free end. During this reflection, the compressive wave turns into a tensile one, arising from the free end in the opposite direction to break the specimen when it reaches the tensile strength of concrete.
The specimen's geometry has been designed in order to minimize the problems derived from the possible dispersion effects and to simplify the tensile strength calculation. In this work, we have tested concrete bars of 970 mm length with a length/diameter ratio equal to 14. This high ratio reduces the dispersion effects on concrete so that the wave propagation can be simplified to a one dimensional state with the equations described in literature [11, 12] . These dimensions also allow the use of big compression pulses in concrete which reduce the difficulties when the crack formation is studied as it will be explained later in this paper.
(b) Concrete manufacturing and curing
The tested specimens are bars of length 970 mm and 69 mm in diameter made up of a selfcompacting concrete. The dosage of this concrete is given in table 1. The maximum aggregate size used in concrete was 12 mm. Compression and Brazilian tests at the age of 28 days were performed in order to have a quasi-static characterization of the specimens. The results from these tests are shown in table 2. Apart from misalignments, perfect contact between incident bar and concrete is very difficult to reach. Also, the difference between bar and specimen diameters (the second one is more than three times bigger) can cause penetration of the metallic incident bar into concrete due to the concentration of forces at that point, leading to cracking and even fracture of that part of the specimen. All these phenomena will cause waves in concrete, which differ from the desired one-dimensional state. For this reason, a special metallic piece was designed and embedded in one end of the concrete bar (figure 2) at the time of manufacture. This is a round disc with the same diameter of the Hopkinson incident bar and 20 mm length. With this piece, improved contact takes place between metallic components and the compressive pulse is passed to the concrete specimen through a metallic transition zone reducing local concentration of compressive stresses in concrete. After curing, all the specimens were placed outside water at least 96 h before the test, so only dry specimens were analysed. No other parameters were modified or studied during this work.
(c) Projectile design
As the dimensions of the specimen are fixed, the first thing to complete the experimental device is to determine the projectile dimensions and geometry. This is a very important task as these factors will define the incident pulse developed in concrete. The basic idea is to have a pulse with of triangular pulses with different ascending and descending slopes as a way to get unique initial cracks avoiding multiple cracking in ceramics was reported in the work by Gálvez [13] . Moreover, recent studies pointed additional benefits of using triangular pulses. In the work by Dean et al. [14] , triangular pulses with similar ascending and descending slopes were proposed and analysed in order to get constant strain rates in concrete during the fracture process.
The second idea is to avoid superposition of incident and reflected pulses to have a clear wave record in the strain gauges. To do so, the maximum wavelength in concrete cannot exceed the length of the bar. The compression pulse created will have a duration and magnitude which depend on the length and velocity of the projectile by the expressions (2.1) and (2.2)
With the previous expressions and using numerical simulations, the selected length for the projectile was 450 mm. The triangular pulse is reached by modifying the projectile tail [13] . The final projectile geometry is shown in figure 4 . Simulations were also useful to see the relationship between the projectile initial velocity and the peak of the compression wave into the concrete bar.
Finally, to reduce the friction between projectile and air cannon, two Teflon pieces were placed around the projectile.
(d) Experimental configuration
The experimental scheme showed in figure 5 was designed by the authors and manufactured in Department of Materials at the UPM. This experimental device is composed of a steel projectile inside the cannon, a high yield stress steel incident bar of 1000 mm length and 22 mm diameter. The incident bar is instrumented with one strain gauge in the middle length. At the end of this bar, the concrete specimen is placed. It is supported over multiple steel bearings which allow the bar to be free of restrictions to permit the spalling phenomenon. The interaction between the incident bar and specimen is accomplished thanks to the metallic part embedded in the concrete. Both the metallic incident bar and the metallic piece in concrete stand together by simple contact using a special oil. No glues or other mechanisms were needed to reach a perfect contact between elements. The concrete bar is instrumented depending on the test with one or two strain gauges. A PCB Piezotronics accelerometer, model 350B04, with a measurement range of 50 000 g will also be fixed at the free end of the specimen.
The data acquisition system is composed of a Vishay signal conditioner, model 2210, with four channels to shift the signal from the gauges, a digital Tektronix oscilloscope, model TDS 714 L, of 500 MHz response to register the data from gauges and a computer. The testing device is completed with a Vision Research high-speed camera, model Phantom V12.1. The images from the high-speed camera are post-processed using a digital image correlation (DIC) software [15] in order to identify the chronological appearance of the different cracks. The oscilloscope as well as the camera are triggered by the signal registered in the strain gauge placed in the incident bar. The acquisition period of the gauges was set to 10 000 points ms −1 with a total record of 5 ms. That makes a total record of 50 000 points. strains gauges and accelerometers will be used for this purpose. Knowing the distance between these elements, the signal in the oscilloscope will give us the instant in which the wave passed through each point (figure 6). Relating distance and time between respective signals, the wave speed is derived (2.3)
Depending on the number of sensors, several measures can be performed to obtain a more accurate mean value. Once the wave speed is known, the dynamic young modulus is obtained via the next expression (2.4)
where ρ is the specimen's density. Table 3 shows the values for the wave speed, weight, density and Young modulus obtained for the different specimens. An average value is also given for each magnitude.
(f) Dynamic tensile strength calculation Across the published works, different ways are proposed to obtain the dynamic tensile strength. On the one side, the direct methods derive this value from measurements of the tensile pulse beyond the crack with the help of strain gauges properly located after the possible fracture location. This technique, although very easy to apply, has shown some disadvantages, as the uncertainty of the fracture location and the possible error caused by the pulse weakening during its propagation after the crack process [13] . By contrast, in this work, an indirect or analytic approach has been used to overcome these problems. The calculus of the dynamic tensile strength is achieved with the help of the compression pulse recorded in the specimen's gauges (figure 6) and not with the reflected tensile pulse recorded in the gauge after the crack process, as it suffers significant attenuation due to the multiple cracking produced in concrete. Using the record of the compression pulse, the incident and reflected pulses can be shifted at the free end to reproduce analytically the process of spalling (figure 7). A Matlab script was programmed to overcome this task. Once the compressive pulse reaches the specimen's free end it begins to reflect leading to the appearance of a tensile pulse. Thus, the stress state in the specimen is the result from the superposition of the compressive wave, which progressively leaves the specimen, and the tensile pulse, which enters the specimen. This tensile pulse is equal to the compressive one but with opposite sign and moving in the opposite direction. The tensile peak will arise and move from the free end in the opposite direction. Knowing the position of the first crack (figure 8), the peak at that moment is identified and so the tensile strength is derived ( figure 9 ). The use of long concrete specimens and big pulses with soft slopes allows an easy and clear identification of the fracture leading to more accurate results.
Results
With the previously described technique a total of 11 specimens were tested. Tests results of tensile strength calculation are shown in table 4. From 11 spalling tests performed, nine were successfully recorded. As seen in the table, not all the tests were performed with the same instrumentation. In the earlier experiments, two strain gauges were placed in concrete bars to see the evolution of the waves. The table shows the specimen reference, projectile velocity, strain rate at the crack position at the fracture moment and the tensile strength obtained from the records in each strain gauge in concrete. Finally, the dynamic increase factor (DIF) for each test and method is calculated. This factor represents the relationship between the dynamic tensile strength divided by the static tensile strength. For the concrete tested, compression and Brazilian static tests were also performed, showing respective values of 25 and 2.8 MPa.
The strain rate at the crack position for each test has been obtained with expression (3.1) In table 4, the strain rate showed corresponds to the instant previous to the formation of the crack. The correct identification of the instant was done with the help of a digital image correlation software and the analysis of the high-speed camera images (figure 10). As seen in the figure, the analysis of the high-speed camera images itself will lead to an error in the identification of the first initial crack. The use of a DIC software is needed to properly identify in time the appearance of the different cracks. In order to compare the technique and the results presented in this work, the Novikov approximation [16] was used as a reference. The expression (3.2) proposed by Novikov allows obtaining the dynamic tensile strength for a ceramic material as a function of its density (ρ), the wave speed (c 0 ) and the pullback velocity (v pb ) which is the difference between the maximum velocity at the free end and the velocity at the rebound,
To apply this expression, in some of the tests performed an accelerometer was placed at the end of the concrete bar to record the accelerations at this point caused by reflection of the compression pulse. The acceleration signal can be easily transformed into velocity by simple integration. In figure 11 , a registry of velocity at the specimen's free end is showed. Taking 
Conclusion
The experimental configuration presented in this paper is based on the spalling technique used for testing brittle materials. The geometry and dimensions adopted differ from others presented in the past adding new advantages. The high length to diameter coefficient reduces the dispersion effects simplifying the problem to a one-dimensional wave state allowing also the employment of big pulses, which lead to a more clear identification of the fracture and so to more reliable measurements. With the help of numerical simulations, a proper projectile design was reached, modifying the cylindrical form by adding a conic tale in it. This geometry of projectile modifies the rectangular pulse, getting a triangular one with different ascending and descending slopes. This type of pulse leads to a unique initial crack in the specimens which allowed the tensile strength to be properly calculated. The local concentration of stresses due to the incident bar impact on concrete was successfully avoided with the inclusion of a small steel disc on the impact end. Compression wave was progressively transferred to the specimen without local failure and minimizing three-dimensional dispersion effects.
Just one type of concrete has been tested, as the main scope of this work is to validate a new spalling configuration for the dynamic characterization of concrete. The dynamic tensile strength was calculated analytically using the information recorded in the strain gauges. Results show very uniform values for almost all of the specimens which reached tensile resistances up to 15 MPa depending on the strain rate. Although this was not a fact considered in this work, it is important to give a relationship with the strain rate, as it influences significantly the values of dynamic tensile strength reached. In this way, the aim was to have a constant projectile velocity and so a constant strain rate at the moment of fracture, but controlling this magnitude was not an easy task as it depended on different parameters such as gas pressure and friction between Teflon discs on the projectile and inner part of the cannon. Even if gas pressure was adjusted to a constant value, the existing friction changed in each test due to the wear of Teflon modifying the velocities that reached at the exit of the cannon.
In the early tests, two strain gauges were placed in the specimen. The idea of setting two strain gauges in primary tests was done to see the evolution of the wave after being transmitted from incident bar to concrete specimen. From the records in both gauges, as seen in table 4, it is noted that a variation of the pulse exists from the first to the second gauge. This variation can be influenced by both dispersion effects or the transition zone of the metallic embedded piece in concrete. For later experiments, only a gauge in the middle of the specimen was used. Results obtained with the gauge placed in the middle of the specimen showed more homogeneous values noting that the pulse does not change significantly from that moment. With this gauge, a mean value of the dynamic tensile strength of 12 MPa is obtained. That means a DIF of 4.5 over the corresponding static value. These values were compared with the ones obtained with Novikov's formula getting similar approaches with both methods.
The stability on the results and the comparison with other methods makes the spalling of long bars a suitable, easy and reliable technique for the dynamic characterization of concrete.
